Introduction
============

Regenerative therapy represents an innovative treatment strategy that could address a large spectrum of chronic degenerative disorders. Validation of the cardiovascular regenerative potential of adult stem and progenitor cells is a prerequisite step towards advancing cell therapy to patients suffering from ischaemic heart failure associated with myocardial infarction or congenital heart diseases \[[@b1]\]; although still in its infancy, this challenge holds great promise for the future.

The umbilical cord blood (UCB) have been successfully applied for two decades to treat a variety of haematological disorders, and cord blood banks could provide now HLA-matched grafts for the majority of patients \[[@b2]\]. Evidence exists that small populations of pluripotent stem cells are present in the UCB \[[@b3]--[@b5]\], which are endowed with superior plasticity properties than bone marrow-derived stem cells \[[@b6]\]. Several groups addressed the use of UCB-derived stem cells for *in vitro* generation of endothelial progenitor cells (EPCs) \[[@b7]--[@b10]\]. Studies performed in animal models of haematopoietic cell transplantation or vascular ischaemia have shown that transplanted UCB-derived stem/progenitor cells could participate to neovascularization \[[@b11]--[@b14]\], which is a prerequisite for improvement of ischaemic heart function \[[@b12], [@b13], [@b15], [@b16]\]. However, the idea that UCB cells can be used for cardiac replacement therapy upon differentiation into cardiomyocytes \[[@b17]--[@b19]\] has been controversial, as these cells failed to form contractile tissue *in vivo* \[[@b20]--[@b22]\]. Furthermore, in a myocardial infarction setting, transplanted UCB-derived mononuclear cells acted through paracrine mechanisms to modify remodelling rather than myocyte regeneration \[[@b21]\]. Therefore, development of UCB-derived stem cell therapies relying on neovascularization rather than myocyte differentiation, to improve impaired cardiac function following cardiomyocyte loss, deserves further attention.

Stem and progenitor cell integration and maturation are essential to achieve cardiovascular regeneration. Current knowledge of the mechanisms of adult stem cell integration into the cardiac tissue, mechanical coupling and physiological reconstitution is still incomplete. The investigations performed at the level of cell cultures have generated valuable data, but of limited relevance to predict the effects of *in vivo* transplantation \[[@b23]\]. The multi-cellular *in vitro* models, such as monolayers of dissociated cardiomyocytes, used to study cellular integration into the cardiac tissue, do not preserve the *in vivo* structures \[[@b24]\]; furthermore, the aggressive dissociation methods required to prepare isolated cell suspensions often affect the function of membrane ion channels and receptors with deterministic roles in cellular integration. Alternatively, both clinical and animal studies are too complex to reveal the mechanisms underlying the outcomes of cell transplantation \[[@b25]\]. Therefore, our group developed a novel multi-cellular model of *living ventricular tissue slices* with morphologically conserved structures, preserved cell-to-cell interactions and stable electrophysiological characteristics. Such ventricular tissue slices, derived from either embryonic \[[@b26]\], neonatal \[[@b27]\] or adult \[[@b28]\] murine hearts, have been essential for studies of functional cross-talk between different cell types within the heart, at both cellular and molecular levels. Moreover, stem cell integration studies into injured cardiac tissue have been facilitated by the use of *ischaemic ventricular slices irreversibly damaged by oxygen and glucose deprivation (OGD)* \[[@b29]\]. However, more studies have to address the improvement of post-transplantation functional integration of stem cells recommended for cell replacement therapy. So far there are no data on the use of the above *in vitro* transplantation models for the study of human adult stem/progenitor cells integration, differentiation, maturation and survival into the cardiac tissue. To shed light on the potential of human UCB-derived EPCs for clinical cell replacement therapy, we proposed to elucidate their cardiac integration and neovascularization capacity by employing both living and ischaemic embryonic murine ventricular slices. The results obtained will add knowledge to the biology of human adult progenitor cells and may contribute to optimization of cell therapy protocols.

Materials and methods
=====================

Isolation and characterization of EPCs
--------------------------------------

Human UCB samples were collected at term delivery from the Department of Obstetrics and Gynecology, Polizu Hospital, Bucharest, Romania. The samples were obtained upon written informed consent and complied with European Union (EU) and national legislation regarding human samples collection, manipulation and personal data protection. All samples were tested for the absence of HIV1/2, HBV, HCV and HTLV and processed up to 5 hrs from collection. Mononuclear cells were separated from UCB on Ficoll Histopaque (1.077 g/ml; Sigma Aldrich, St. Louis, MO, USA) by density gradient centrifugation (400 ×*g*, 30 min., 25°C), collected from the interface, and washed twice by centrifugation in PBS (300 ×*g*, 7 min., 25°C). Freshly isolated mononuclear cells were immediately seeded onto tissue culture dishes pre-coated with 2 μg/cm^2^ fibronectin (Sigma Aldrich) and kept in endothelial cell growth medium (MV2; Promocell, Heidelberg, Germany), supplemented with 15% foetal bovine serum (FBS), 40 ng/ml vascular endothelial growth factor (VEGF), 100 μg/ml endothelial cell growth supplement, 100 U/ml penicillin, 100 μg/ml streptomycin and 50 μg/ml neomycin (all from Sigma-Aldrich). Cell cultures were maintained at 37°C with 5% CO~2~ and 21% O~2~ in a humidified atmosphere. On day 1 after plating, the non-adherent cells were removed and fresh medium was added. To maintain optimal culture conditions, medium was changed twice a week. Cells from passages 4--6 were used for the proposed experiments (see [Fig. 1](#fig01){ref-type="fig"}, describing the experimental design).

![Schematic representation of the experimental design consisting of coculture of EPCs with either living or ischaemic murine embryonic ventricular slices. EPCs: endothelial progenitor cells; MNCs: mononuclear cells; OGD: oxygen and glucose deprivation; UC: umbilical cord; UCB: umbilical cord blood.](jcmm0015-1914-f1){#fig01}

Morphological characterization of cells was performed by light microscopy, using an inverted epifluorescence microscope (Eclipse TE300; Nikon, Tokyo, Japan) and a digital camera system for imaging (Digital Net Camera DN100; Nikon), as well as by transmission electron microscopy (EM 400; Philips, FEI Company, Eindhoven, The Netherlands).

The expression of cell surface molecules on EPCs was assessed by flow cytometry \[FACS Calibur (BD Biosciences, Heidelberg, Germany) and MoFlo FACS (Dako, Glostrup, Denmark)\] performed with monoclonal mouse anti-human fluorescein isothiocyanate (FITC)-conjugated or phycoerythrin (PE)-conjugated CD9, CD31, CD34, CD54, CD105, CD144, CD146 (Beckman Coulter, Krefeld, Germany), CD14, CD45, CD117 (Dako) and CD133 (MACS, Miltenyi Biotec GmbH, Bergisch-Gladbach, Germany) antibodies. Accutase-detached cells were washed in PBS containing 2% FBS and incubated for 30 min. at 4°C with the appropriate diluted FITC-/PE-conjugated antibodies. For negative controls, the cells were stained with the corresponding isotype-matched Igs (Beckman Coulter and Dako). Flow cytometry data were analysed using the CellQuest Pro software (BD Biosciences) and Summit 4.0 software (Dako).

Molecular characterization of EPCs was performed using total RNA extracted with the GenElute™ Mammalian Total RNA Miniprep Kit (Sigma Aldrich). First-strand cDNA synthesis was performed on 1 μg of total RNA; cDNA samples were thereafter amplified in a thermocycler (Bio-Rad Laboratories, Hercules, CA, USA) for 35 cycles (94°C for 45 sec., 60°C for 45 sec. and 72°C for 45 sec.) with specific oligonucleotide primers to assess CD31, CD34, CD133, CD144, VEGF receptor (VEGFR) 1, VEGFR2, von Willebrand factor (vWF), GATA2, GATA3, GATA4, C-X-C chemokine receptor type 4 (CXCR4), Tie-2 and GAPDH, as endogenous control, mRNA expression. The oligonucleotide primer sequences (Metabion, Martinsried, Germany) are shown in Table S1.

The functional characterization of isolated EPCs was performed using the vascular tube formation and acetylated low-density lipoprotein (ac-LDL) uptake assays. For vascular tube formation assay, 50 μl of Matrigel Basement Membrane Matrix (BD Biosciences) were added into a 48-well plate and allowed to solidify at 37°C for 30 min.; 5 ×10^4^ EPCs were suspended in 100 μl culture medium and plated onto Matrigel layer. After 24 hrs, the medium was removed and the formation of vascular tube-like structures was assessed with an inverted microscope (Eclipse TS100; Nikon) and a digital camera system for imaging (Digital SLR Camera D300; Nikon). For ac-LDL uptake assay, EPCs were seeded in 24-well plates at a density of 5 ×10^4^ cells/well in MV2 medium, on glass cover slips. When cells reached ∼80% confluency, the cultures were serum-deprived overnight in Iscove's Modified Dulbecco's Medium (IMDM, Sigma Aldrich) supplemented with 2% lipoprotein deficient serum from human plasma (Sigma Aldrich) and then the medium was replaced with IMDM supplemented with 100 μg/ml human ac-LDL. After 24 hrs, cells on cover slips were stained with Nile red (Sigma Aldrich) and examined by fluorescence microscopy performed with an inverted microscope (Eclipse TS100; Nikon) and a digital camera system for imaging (Digital SLR Camera D300; Nikon).

Green fluorescent protein (GFP) transfection of EPCs
----------------------------------------------------

Transient GFP transfection of EPCs was performed to facilitate cell tracking upon coculture with living murine embryonic ventricular slices. Transfection of cultured EPCs, at 90% confluency, was employed with a HUVEC Nucleofactor Kit (VPB-1002; Lonza Group Ltd., Switzerland), in line with the manufacturer's protocol. Immediately after transfection, EPCs were functionally tested for the formation of vascular-like structures, performed with the same methodology as described earlier for the characterization of the isolated EPCs.

Preparation of embryonic ventricular slices
-------------------------------------------

All animal experiments were carried out according to EU legislation in force that sets the legal framework for the use of animals in scientific research, upon approval by the Ethics Committee of the Institute for Neurophysiology, University of Cologne, Cologne, Germany. Mice were superovulated, time-mated and the embryos harvested between days 16.5 and 18.5 of gestation. Isolated hearts were processed as previously reported \[[@b26]\], kept in ice-cold (4°C) Ca^2+^-free Tyrode's solution under continuous oxygenation, then embedded in 4% low-melting agarose (Roth, Karlsruhe, Germany). Embedded ventricles were sectioned into 300-μm-thick slices along the short axis with a vibratome (Leica VT1000S, Leica Microsystems, Germany). Ventricular slices were kept for 30 min. in Tyrode's solution supplemented with 0.9 mmol/l Ca^2+^, and then transferred in IMDM for 1 hour in an incubator under normoxic conditions (37°C, 5% CO~2~, 21% O~2~). To mimic myocardial infarction *in vitro* \[[@b29]\], OGD was induced by incubating 300-μm-thick ventricular slices, washed with phosphate-buffered saline (PBS), in a custom-made steel hypoxia chamber filled with Tryode's solution, in which D-glucose was substituted for an equimolar concentration of 10 mmol/l 2-deoxyglucose. The hypoxia chamber was placed in a water-bath maintained at 37°C and oxygen tension was reduced by constant bubbling with pure nitrogen to induce hypoxia. Because O~2~ concentration and saturation are important parameters for the inducement of cardiac ischaemia, we measured these parameters (OxyScan graphics, UMS-GmbH & Co. KG, Meiningen, Germany) into the ischaemic chamber during the first 4 hrs of OGD, following a procedure previously described \[[@b30]\]. After 48 hrs of OGD, slices were washed twice in PBS, transferred into IMDM supplemented with 20% FBS, and stored in the incubator under normoxic conditions until coculturing with EPCs.

Generation of cocultures
------------------------

### Generation of cocultures in a funnel-shaped cavity-well system.

Custom-made wells containing a small funnel-shaped cavity at their bottom, to prevent EPCs from being washed away from the ventricular slices, were used for cocultures. EPCs (1 ×10^5^) were added onto the top of either living or ischaemic ventricular slices placed into the funnel-shaped cavities of the coculture wells (see [Fig. 1](#fig01){ref-type="fig"}, describing the experimental design). Cocultures were maintained in the incubator under normoxic conditions between 5 and 14 days in IMDM supplemented with 20% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin and 50 μg/ml neomycin. To test the sensitivity of vascular tube-like structures formation to pro-angiogenic factors, in half of the cocultures, a growth factor cocktail consisting of 40 ng/ml VEGF, 20 ng/ml insulin-like growth factor 1 (IGF-1), 10 ng/ml epidermal growth factor and 10 ng/ml basic fibroblast growth factor (bFGF) was added to the culture medium at the initiation of the cocultures, and then twice a week at medium change. The control consisted of both living and ischaemic ventricular slices exposed to the same culture conditions, in the absence of EPCs.

### Generation of cocultures in a transwell system.

To test whether vascular tube-like structures formation requires the presence of soluble factors secreted by the living myocardium/matrix and/or a direct cell-to-cell interaction between the EPCs and the ventricular slice, 1 × 10^5^ EPCs were cultured in IMDM supplemented with 20% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin and 50 μg/ml neomycin, in the lower chamber of a 24-well plate transwell system (Sigma Aldrich), with the living ventricular slice placed into the upper chamber represented by a 3-μm pore size insert.

The coculture experiments were performed on three separate occasions, with triplicate samples per each experimental group. At the completion of the experiments, ventricular slice preparations were washed twice with PBS, fixed in 100% ice-chilled methanol for 20 min., embedded in O.C.T compound (Tissue-Tek®, Torrance, CA, USA), and kept at −70°C until further processing.

Evaluation of cocultures
------------------------

Cocultures were evaluated daily by *light* and *fluorescence microscopy*. Pictures and movies were taken using an inverted epifluorescence microscope (Axiovert 10; Carl Zeiss MicroImaging GmbH, Germany) and a digital camera system for imaging (Digital Interface, DFW-x700; Sony Electronics Inc., Köln, Germany), to document the formation and extent of vascular tube-like structures, as well as the presence of beating exhibited by living ventricular slices. Although we did not assess the number of tube-like structures formed per sample or the number of beatings per sample, these phenomena were recorded at the level of each sample only as occurring events.

Immunocytochemistry, immunohistochemistry and histochemistry techniques
-----------------------------------------------------------------------

For immunocytochemistry, EPCs were cultured on glass cover slips, washed twice with PBS, dried at room temperature, and fixed for 20 min. with ice-chilled 100% methanol. For immunohistochemistry, 8-μm-thick cryosections of the slice preparations, resulted from cocultures carried out in the funnel-shaped cavity wells, were prepared (3050S, Leica Microsystems GmbH, Wetzlar, Germany). Cell and tissue preparations were treated for 30 min., at room temperature, with blocking buffer, consisting of 5% bovine serum albumin in PBS, then incubated overnight, at 4°C, with the following primary antibodies: monoclonal IgG1 mouse anti-human CD31 (1:200; BD Biosciences), polyclonal rabbit anti-human vWF (1:200; Sigma Aldrich), and monoclonal IgG1 mouse anti-human E-selectin, nuclei and mitochondria (1:40, 1:200 and 1:100, respectively; Millipore, Billerica, MA, USA). The slides were washed three times with PBS, for 10 min., and incubated for 2 hrs at room temperature, in the dark, with the secondary antibodies: goat-anti-mouse Alexa Fluor 555 and goat-anti-rabbit polylonal Alexa Fluor 488 (1:2000 and 1:1000, respectively; Sigma Aldrich); cell nuclei were stained with Hoechst (1:1000; Sigma Aldrich). The slides were then washed three times with PBS, for 10 min., in the dark, and mounted in Vectashield mounting media for fluorescence (Vector Laboratories, Burlingame, CA, USA). In addition, histochemistry was performed on living ventricular slice preparations, directly in funnel dishes; ventricular preparations were stained with Calcein AM (1:2000; Molecular Probes, Eugene, OR, USA) and Hoechst (1:1000; Sigma Aldrich) for 30 min. at 37°C, and briefly washed twice with PBS. Cell and tissue preparations were examined under an inverted epifluorescence microscope with an incorporated digital camera system for imaging and a module for optical sectioning (Axiovert 200M ApoTome, Carl Zeiss MicroImaging GmbH); picture acquisition was performed with the AxioVision 4.6 software (Carl Zeiss MicroImaging GmbH).

Dye injection into vascular tube-like structures
------------------------------------------------

To investigate whether the tube-like structures formed in living ventricular slice preparations have a lumen, the gap junction impermeable fluorescent dye tetramethylrhodamine (TMR) dextran (Mr 10 000; Molecular Probes, Eugene, OR, USA) was injected by iontophoresis *via* the recording electrode, following a protocol previously established by our group \[[@b31]\]. For these experiments, electrodes were filled with 1% TMR dextran dissolved in 0.2 mol/l KCl. Before the extraction of the electrode from the tube-like structure, a depolarizing direct current was applied (2--10 nA, 5--8 min.). During and after injection, TMR fluorescence within vascular tube-like structures was examined with a fluorescence microscope (Axiovert 200; Carl Zeiss MicroImaging GmbH) with an incorporated camera system for imaging (Digital Interface, DFW-x710; Sony Electronics Inc.).

Data analysis
-------------

Statistical analysis of the experimental data recorded daily, by visual inspection of the cocultures, was performed using the SPSS software (Version 10; SPSS Inc., Chicago, IL, USA). To evaluate the association of either vascular tube-like structure formation or beating of the ventricular slice (dependent variables) with the coculture regimen (with or without growth factors, independent variable), univariate logistic regression analysis with calculation of odd ratios (O.R.) and 95% confidence intervals (C.I.) was performed. Multi-variate logistic regression was performed to evaluate the impacts of the coculture regimen, day of coculture and presence of beating (independent variables) on the formation of vascular tube-like structures (dependent variable). Both independent and dependent variables were dichotomous. Statistical significance was assigned for a *P*-value less than 0.05.

Results
=======

Characterization of EPCs
------------------------

After ∼10 days of stimulation with endothelial-differentiation growth factors, cultures of adherent UCB-derived mononuclear cells commence to form colonies with epithelial-like cobblestone morphology \[[Fig. 2A(a and b)](#fig02){ref-type="fig"}\]. Transmission electron microscopy examination revealed the presence of typical: rough endoplasmic reticulum; cisternae of Golgi complex with numerous adjacent secretory vesicles, indicating an active, secretory phenotype of these cells; mitochondria; dense (lysosomal) inclusion bodies, and the characteristic morphological markers of endothelial cells: the Weibel-Palade bodies and numerous plasmalemmal vesicles (caveolae). The latter were particularly well observed in sections obtained from *en face* preparations that revealed the presence of numerous caveolae open to the plasmalemma or within the cytoplasm, sometimes appearing as in clusters \[[Fig. 2B(a--e)](#fig02){ref-type="fig"}\]. The isolated cells had some typical functional characteristics of endothelial cells. When cultured on Matrigel for 24 hrs, isolated EPCs formed tube-like structures \[Fig. S1A(a, b)\] and upon incubation with ac-LDL, these cells incorporated the tracer \[Fig. S1B(a, b)\]. Evaluation of endothelial cell markers by flow cytometry indicated that the cells were markedly positive for CD9, CD31, CD54, CD105, CD144 and CD146, low positive for CD34 and CD133 and negative for CD14, CD45 and CD117 markers (Fig. S2). Immunocytochemical staining revealed the presence of the endothelial cell markers CD31, vWF and E-selectin \[Fig. S3(C, E and F), respectively\]; furthermore, the cells stained with anti-human nuclei \[Fig. S3(A.1, A.2 and A.3\] and mitochondria (Fig. S3B) antibodies used to track human cells upon coculture with the murine ventricular slices. Reverse transcription polymerase chain reaction showed mRNA expression for: VWF, CD31, CD133, CD144 and CD34 that control EPCs proliferation, differentiation and survival; VEGFR1 with role in stem cell recruitment and angiogenesis \[[@b32]\]; chemokine receptors VEGFR2, Tie-2 and CXCR4; transcription factors that regulate cell fate determination such as GATA2 that promotes angiogenesis \[[@b33]\], GATA3, which regulates critical steps of differentiation during embryonic development \[[@b34]\] and GATA4 that regulates genes involved in embryogenesis and myocardial differentiation and function \[[@b35]\] (Fig. S4).

![(A) Adherence of epithelial-like cells derived from UCB-mononuclear cells under growth factors stimulation. (a) Primary cell culture after 2 weeks in culture (×4); (b) Cells at passage 5 after 6 weeks in culture (×10), Nikon Eclipse TE300 and Nikon Digital Net Camera DN100. (B) EPCs in culture show general characteristics of endothelial cells as depicted by transmission electron microscopy, Philips EM 400. N: nucleus; Mit: mitochondria; RER: rough endoplasmic reticulum; v: plasmalemmal vesicles (caveolae); cp: coated pits; i: inclusions (lysosomal); av: autophagic vacuole; Go: Golgi apparatus; W-P: Weibel-Palade body.](jcmm0015-1914-f2){#fig02}

Transfection of EPCs
--------------------

To track and monitor the interaction between the EPCs and ventricular slices, the isolated cells were transfected with GFP before coculture. Quantification of the efficiency of cell transfection was 75%, as indicated by flow cytometry (data not shown). To investigate whether the transfection affected the functional properties of EPCs to form vascular tube-like structures, an *in vitro* vascular tubes formation assay on Matrigel was performed. We have found that, within 24 hrs of incubation, the GFP-transfected EPCs were able to assemble into organized capillary-like networks, indicating that the transfection did not affect their angiogenic capability (Fig. S5).

Interaction between EPCs and ventricular slices
-----------------------------------------------

Microscopy evaluation of the vibratome-generated sections of embryonic ventricles showed that the majority of slices were vital and contracted spontaneously. In contrast, the ventricular sections obtained after the OGD procedure resulted in non-contractile, non-vital slices, reproducing the pathological setting of *in vivo* myocardial infarction \[[@b29]\]. O~2~ concentration and saturation into the ischaemic chamber started decreasing after 10 min. of OGD. After 120 min. of OGD, O~2~ concentration and O~2~ saturation stabilized at 0.11 ± 0.02 mg/l and 1.71 ± 0.25%, respectively (Fig. S6).

To evaluate the EPCs integration and capacity to form vascular tube-like structures, 1 ×10^5^ EPCs were loaded onto the surface of either living or ischaemic ventricular slices, with or without growth factors, and assessed in culture for up to 6 (ischaemic slices) and 14 (living slices) days. Within the first two days of coculture with living ventricular slices, the EPCs proliferated uniformly (as assessed morphologically) on the whole surface of the funnel-shaped cavity of the coculture wells. During this time, no vascular tube-like structure formation was observed either in the presence or in the absence of growth factors; furthermore, ventricular slice beating was detected only in a small fraction of living samples. Starting from day 3 of coculture, EPCs appeared as embedded within the living ventricular slices and in surface fissures and cavities of the slices. At this time, even rigorous washing could not detach the EPCs from the ventricular slices. By day 3 of coculture, vascular tube-like structures were also detected on the living ventricular slices ([Fig. 3A](#fig03){ref-type="fig"}, Movie S1). They grew direct proportionally with day of coculture (Movies S2 and S3), and by day 5 of coculture, some of them organized into vascular network-like structures (Movie S4). The percentage of coculture preparations that exhibited formation of vascular tube-like structures and/or beating behavior under specific culture conditions (either with or without growth factors) is shown in [Figure 4](#fig04){ref-type="fig"}. Interestingly, within the following 3 days of coculture, samples receiving growth factor supplementation (*n* = 9) displayed a lower incidence of vascular tube-like structures formation compared to control coculture preparations not receiving growth factors (*P* \< 0.001, O.R. = 0.213, 95%, C.I. = 0.126--0.357). A similar trend was also observed for the presence of beating, growth factor supplementation resulting in a lower incidence of beating slices compared to control coculture preparations not receiving growth factors (*P* = 0.005, O.R. = 0.229, 95% C.I. = 0.082--0.637). Multi-variable logistic regression analysis indicated that growth factor supplementation and day of coculture, but not the presence of beating, are significant and independent positive predictors for vascular tube-like structures formation (data not shown). After adjustment for day of coculture and growth factor supplementation, on day 5 of coculture slice beating became a significant independent positive predictor for the vascular tube-like structures formation, too (*P* = 0.017, O.R. = 3.240, 95% C.I. = 1.235--8.501). In contrast with the living slices, in the presence of ischaemic ventricular slices EPCs failed to proliferate and fill the cavities of the ventricular slices (as assessed morphologically); furthermore, no vascular tube-like structures were detected in any ischaemic ventricular slice preparations, neither in the presence nor in the absence of growth factor supplementation ([Fig. 3C](#fig03){ref-type="fig"}). Moreover, EPCs failed to form vascular tube-like structures when cocultured with living ventricular slices in a transwell system ([Fig. 3D](#fig03){ref-type="fig"}).

![Representative images for cocultures of living and ischaemic murine embryonic ventricular slices with human EPCs -- day 6 of coculture. Vascular tube-like structures formation in living ventricular slice preparations as compared to control-murine living ventricular slices only (A); tube-like structures formed in living ventricular slice preparations (B.a) were stained with Hoechst (nuclei, red, false colour) and Calcein AM (living cells, green); merged image (B.b); optical sectioning was applied to generate a multi-focus image (B.c). No vascular tube-like structures formation was detected in ischaemic ventricular slice preparations (C) or in living ventricular slice preparations cultured in a transwell system (D); Carl Zeiss Axiovert 10 microscope and Sony Electronics Digital Interface DFW-x700 camera system.](jcmm0015-1914-f3){#fig03}

![Dynamics of living cocultures. A higher number of living ventricular slices cocultured with EPCs in the absence of growth factors (w/oGF) were beating and showed vascular tube-like structures formation, as compared to preparations cocultured in the presence of growth factors (wGF).](jcmm0015-1914-f4){#fig04}

To facilitate the assessment of vascular tube-like structures formation and cell integration, GFP-transfected EPCs were cocultured with living ventricular slices. By tracking of GFP-labelled cells we documented EPCs integration into the living slices starting on day 1 of coculture (Movie S5), as well as EPCs-associated vascular tube-like structures formation inside and outside of the ventricular slices ([Fig. 5](#fig05){ref-type="fig"}).

![Representative images showing the dynamics of GFP-labelled EPCs integration and vascular tube-like structures formation in living murine embryonic ventricular slice preparations -- day 1 to day 5 of coculture. Carl Zeiss Axiovert 10 microscope and Sony Electronics Digital Interface DFW-x700 camera system.](jcmm0015-1914-f5){#fig05}

Immunohistochemical staining with anti-vWF and anti-nuclei antibodies, highly specific for human antigens, of serial ventricular sections generated from living cocultures, performed as early as day 6 of coculture, showed that EPCs became organized into vascular tube-like structures surrounding the ventricular slices and infiltrated into the depth of the living tissue ([Fig. 6A--F](#fig06){ref-type="fig"}). Cell integration into the living ventricular slices was documented as late as day 14 of coculture ([Fig. 6G](#fig06){ref-type="fig"}). The results were confirmed by experiments in which antibodies to human CD31 were employed, showing that EPCs formed capillary network-like structures on the surface of and into the ventricular slices ([Fig. 6H and I](#fig06){ref-type="fig"}). In addition, histochemical assessment of vascular tube-like structures, performed directly on living slice preparations, with Calcein AM and Hoechst allowed for further evaluation of tube-like structures morphology ([Fig. 3B](#fig03){ref-type="fig"}, Movie S6). Furthermore, injection of TMR-labelled dextran into these tube-like structures, showed the transport of the dye through the structures, indicating the existence of a lumen (Movies S7 and S8).

![Immunohistochemical analyses showing EPCs integration and vascular tube-like structures formation in living murine embryonic ventricular slice preparations. Human vWF and human nuclei expression -- day 6 (A--C), day 10 (D--F), and day 14 (G) of coculture; polyclonal rabbit anti-human vWF-Alexa Fluor 488 (green), monoclonal IgG1 mouse anti-human nuclei-Alexa Fluor 555 (red), and Hoechst (nuclei, blue); negative controls-secondary antibodies only (J) and murine ventricular slice only (K). Human CD31 expression-day 10 of coculture (H, I); monoclonal IgG1 mouse anti-human CD31-Alexa Fluor 555 (red) and Hoechst (nuclei, blue); negative controls-secondary antibodies only (L) and murine ventricular slice only (M). Carl Zeiss Axiovert 200M ApoTome and AxioVision 4.6 software.](jcmm0015-1914-f6){#fig06}

Conversely, immunohistochemical staining of serial ischaemic ventricular sections with anti-human vWF and mitochondria antibodies, performed on day 6 of coculture, showed that EPCs attached to the ischaemic ventricular slices, integrated into the depth of the tissue, but failed to form any vascular tube-like structures ([Fig. 7](#fig07){ref-type="fig"}).

![Immunohistochemical analyses for human vWF and human mitochondria expression, showing modest integration of EPCs into the ischaemic embryonic murine ventricular tissue and lack of vascular tube-like structures formation -- day 6 of coculture (A--D); polyconal rabbit anti-human vWF-Alexa Fluor 488 (green), monoclonal IgG1mouse anti-human mitochondria-Alexa Fluor 555 (red), and Hoechst (nuclei, blue); negative controls-secondary antibodies only (E) and murine ventricular slice only (F). Carl Zeiss Axiovert 200M ApoTome and AxioVision 4.6 software.](jcmm0015-1914-f7){#fig07}

Discussion
==========

Our results demonstrate that human EPCs derived from UCB mononuclear cells had the capacity to integrate and form vascular tube-like structures when in direct contact with living murine embryonic ventricular slices. In contact with ischaemic murine ventricular slices, EPCs integrated but failed to form vascular tube-like structures.

EPCs integration and the formation of vascular-like structures in the ventricular slice preparations were assessed by GFP transfection, immunohistochemistry and histochemistry. Only a partial contribution of the GFP-positive EPCs to the vascular tube-like structures could be documented because GFP transfection was achieved with ∼75% efficiency, it was transient, and the vascular tubes formed around day 3 of coculture. The experiments were therefore completed by histochemistry and immunohistochemistry employing highly specific anti-human antibodies, which proved the formation, the extent and the human origin of the vascular tube-like structures generated by EPCs upon contact with murine living ventricular slices. In addition, injection of TMR dextran dye directly into the tube-like structures indicated the existence of a lumen by showing the transport of the dye through the structures. Because of its high molecular weight and size, dextran cannot be transferred between cells over gap junctions \[[@b36]\]. Hence, we concluded that by injecting the fluorescent dye-labelled dextran, we stained tube-like structures presenting a lumen and not just single cells.

Although the paracrine factors secreted by EPCs were shown to be the major contributors to angiogenesis and tissue neovascularization \[[@b37], [@b38]\], our data bring evidence that they are not the sole players. Although there is proof that hypoxia augmented growth factors secretion by EPCs \[[@b39]\], in our study, there was absolute lack of tube-like structures formation when ischaemic slices were employed in the coculture system, regardless of direct contact of EPCs with the ischaemic cardiac tissue or pro-angiogenic growth factor supplementation. This indicates that even if hypoxic conditions enhance growth factors secretion by EPCs, yet there was no vessel-like structures formation because of the lack of viable cell-to-cell interactions between EPCs and the cardiac tissue; these interactions may be compulsory for the release of essential trophic factors that promote neovascularization \[[@b40]\]. It has been well documented that chronic exposure to hypoxia and oxidative stress inhibited the ability of UCB-derived EPCs to form vascular tubes *in vitro* in the absence of supporting stromal/fibroblastic cells \[[@b41], [@b42]\]; furthermore, human dermal fibroblasts, capable of secreting essential growth factors and extracellular matrix components, provided a niche for vascular tubes development *in vitro* \[[@b43]\]. Taken together, these observations suggest that direct living cell-to-cell interactions and secretion of essential soluble factors by the living myocardium/cardiac matrix are necessary to promote vascular tubes formation within the cardiac niche.

In the randomized clinical trials of intracoronary bone marrow-derived mononuclear cell therapy employed for the treatment of acute myocardial infarction \[[@b44], [@b45]\], the modest and transient clinical benefits, most likely exerted by paracrine mechanisms \[[@b46]\], might be caused by the failure of the injected cells to integrate and repopulate the ischaemic tissue; this may be due to the lack of living extracellular matrix components and/or engraftment-promoting factors in which the infarcted tissue is deficient. Because of the limited success of both clinical and pre-clinical studies that used single cell types to induce cardiac regeneration \[[@b12], [@b13], [@b44], [@b45]\], recent efforts have been focused on coculturing approaches to induce synergistic tissue-repair effects. In this regard, coculturing of UCB-derived cells with other cell types, such as umbilical cord-derived myofibroblasts \[[@b47]\] or cells isolated from brown adipose tissue \[[@b48]\], resulted in improved cardiac regeneration effects. Therefore, the *in vitro* cardiac transplantation models used in this study could be further utilized for the investigation of synergistic cardiovascular repair effects induced by mixed cell types \[[@b42], [@b43], [@b47]--[@b49]\], including EPCs, for optimization of cell therapy approaches.

Our data also indicated that supplementation of coculture medium with growth factors impairs the vascular tube-like structure formation in living coculture preparations. We assume that some of the growth factors contained in the supplement may have induced anti-angiogenic effects. It has been demonstrated that the growth factors used in this study stimulated differentiation and proliferation of EPCs, and induced angiogenic effects \[[@b50], [@b51]\]; however, the high growth factor concentrations that had been used might have induced undesired anti-angiogenic effects through release of anti-angiogenic factors. This hypothesis is supported by the fact that much lower concentrations of these growth factors were used by other groups in the composition of EPCs differentiation medium for studies addressing the assessment of EPCs angiogenic function \[[@b52], [@b53]\]. Although VEGF has been primarily identified as an endothelial cell specific growth factor stimulating angiogenesis \[[@b54]\], IGF-1 supplementation might have up-regulated the expression of anti-angiogenic isoforms of VEGF \[[@b55]\]. Furthermore, the anti-angiogenic factors thrombospondin (TSP)-1 \[[@b56]\] and pigment epithelium-derived factor \[[@b37]\], secreted by EPCs, have been associated with their dysfunction and delayed re-endothelialization. It has been reported that early preservation of the myocardial mass is an important target for therapy of myocardial infarction, not only to prevent mechanical dysfunction, but also to maintain proper secretory function \[[@b38]\]. Since we have demonstrated that cellular interaction between EPCs and the cardiac tissue was needed for vascular tube-like structures formation, we hereby further hypothesize that growth factors supplementation may have interfered with the innate signalling pathways of the candidate paracrine factors secreted by EPCs and cardiomyocytes, which modulate vascular tube-like structures formation. It has been shown that EPCs interaction with the cardiomyocytes led to paracrine secretion of transforming growth factor-β \[[@b40]\], which induces anti-angiogenic factors, such as TSP-1, a key negative regulator of EPCs function \[[@b57]\]. Furthermore, exogenous growth factors supplementation in the presence of EPCs paracrine growth factors secretion, up-regulated growth factor release by the host cardiac tissue \[[@b38]\]. Therefore, in our experiments, upon growth factor supplementation, the coculture milieu might have been markedly modified, thus negatively influencing vascular tube-like structures formation.

Our observation that beating ventricular slices are an independent positive predictor for vascular tube-like structures formation brings further indication that muscle contraction, through mechanical forces acting on the tissue, may be an important contributor to angiogenesis \[[@b58]--[@b61]\]. It has been well documented that mechanical stretch can induce signals that modulate endothelial cell invasion \[[@b62]\] and vascular remodelling \[[@b61]\], mainly through matrix metalloproteinases and VEGF expression \[[@b58]--[@b60], [@b63]--[@b65]\]. In our model, the addition of growth factors may have interfered with the innate process of shear stress-inducing vasculogenesis. It has been illustrated that bFGF, which controls intracellular Ca^2+^ homeostasis, induced negative inotropic effects on cardiomyocytes in a concentration-dependent manner \[[@b66], [@b67]\]. Despite of these interesting findings, it has been difficult to establish experiments that quantitatively impart and/or control contraction stimuli and relate them to the *in vivo* angiogenic/vasculogenic outcome \[[@b68]\]. Therefore, our *in vitro* transplantation model, which provides a well-controlled, reproducible experimental setting, could answer essential questions on how cardiac contraction induces vasculogenesis and how EPCs-induced vasculogenesis is controlled to accommodate the demands within active cardiac muscle.

Tissue-targeted cell therapies relying on ligand--receptor interactions have been proposed during the recent years. The chemokine receptors identified on EPCs (*i.e.* CXCR4, VEGFR2, Tie-2) may play important roles in EPCs integration into the ventricular tissue, in response to specific ligands secreted by the cardiac tissue. Thus, our *in vitro* transplantation models could be used to investigate and establish signalling pathways suggested as having a role in EPCs migration and integration into the cardiac tissue. Furthermore, the vasculogenesis model generated in this study could serve for alternative drug testing of pro-angiogenic inhibitors suggested for cancer therapy. Nevertheless, the embryonic cardiac slices might be also useful to elucidate the mechanisms of vascular tubes formation by UCB-derived EPCs, in response to the angiogenic program dictated by the embryonic tissue, which possesses unique properties to influence survival and differentiation \[[@b69]\].

Human UCB is easy and inexpensive to collect and cryopreserve for potential therapeutic use. The accessibility of EPCs isolation could even enable the use of vascular engineered grafts immediately after birth for the treatment of congenital cardiovascular diseases, since a UCB sample can be harvested prenatally, by ultrasound guided cordocentesis \[[@b47]\]. Our data bring further evidence that the UCB-derived EPCs may be a valuable cell source to induce neovascularization in the setting of cardiovascular repair. Therefore, the investigation in standardized, well-controlled settings of EPCs interactions with the cardiac niche, which may regulate their integration and vascular tubes formation, deserves special consideration.
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